Abstract-In this paper we study the delay characteristics of cooperative communications using opportunistic relay access with delay constraints. We consider the scenario where the source node opportunistically tries to access the relay, amongst several Primary Users (PU) of the relay network in the environment, in order to send data across (a fixed) network to its destination. The first-hop connection for the source node to the relay is considered as an opportunistic access link. The traffic from the PUs in the first-hop and the delay associated in getting the data across the network to the destination from the relay node are modeled as random processes. Considering such a link and a random network-delay model we study the probability of successful end-to-end transmission by the source node with a given delay constraint. For the considered model, we present closed form analytical expressions for the success probability, the mean delay and the expected delay jitter for the end-toend transmission. We also present Monte-Carlo based simulation results to verify our theoretical analysis.
I. INTRODUCTION
Cooperative wireless networks have been strongly proposed to provide better performance in wireless communications [1] , [2] such as for a better information rate, for better power efficiency etc, at the expense of additional complexity and overheads. Such a cooperative communication scenario for power efficient communications is addressed in the European Union funded project called C2POWER [3] , [15] , and studying the related technical issues is the prime motivation behind this work. Though, cooperative techniques provide better performance under certain conditions as mentioned above, the latency/delay associated with the relayed transmission is of concern to provide a guaranteed quality of service (QoS).
In this paper we consider such a cooperative wireless system and study the delay associated with the overall transmission. We consider the relay access to be opportunistic where the source node accesses the relay when a 'white space' is available by giving higher priority to the incumbent primary users (PU) of the relay node's network. The source node hence is considered as a secondary user (SU) of the relay's network. The overall transmission delay associated with the communication between the source and destination nodes via the relay node with opportunistic relay access is therefore studied here. We analyze the end-to-end packet delay and jitter, by considering the opportunistic relay access as the first hop, and derive closed form expressions for the success probability for meeting a given delay threshold. Monte-Carlo based simulation results to verify our analytical expressions are also presented.
We present a review of some related work to the problem addressed in this paper. Hatem in [4] has done some related work recently in analyzing the delay associated with opportunistic cooperation. In [6] the packet waiting time for SUs, in the presence of PUs modeled as an ON-OFF random process for the single-hop network, has been presented. The authors in [8] have modeled the SU system as a preemptive queue and have developed closed form expressions for SU and PU waiting time. The expressions have been developed for two SU transmission preemption strategies: resume and repeat. Queuing theory is used to provide the upper bounds to the delay performance for the PU/SU coexistence scenarios. However, [6] and [8] do not consider the delay constraints. A framework based on queueing theory to study the queueing delay and buffer statistics for SUs in the presence of PUs has been modeled as a two state Markov chain in [9] . This work focuses on the access delay incurred by SU contention and link opportunity waiting time, leaving the end-to-end delay analysis for the future work. In [10] , the queuing delay caused by the PU activity is studied and developed an expression for the packet dropping probability. Two types of medium access, namely, the contention-based and contention-free have been considered and analyzed. In [7] , multi-hop delay of ad-hoc cognitive radio network is analyzed. The delay at each hop consists of propagation delay and waiting time for the channel availability. The effect of different PU densities, varying the realizations of active primary transmitters on the time slot basis is analyzed. However, similar to [6] and [8] , the delay constraints have not been studied here.
The rest of the paper is organized as follows. Section II presents the reference scenario and the network model. Section III to Section VI present the delay analysis considering deterministic and random characteristics of the delay in the network. The mean-delay and the delay-jitter are presented in Section VII. Numerical results from analytical models and simulation experiments are presented in Section VIII. Finally, we provide concluding remarks in Section IX. 
II. REFERENCE SCENARIO AND NETWORK MODEL
The reference scenario considered here is motivated from the application scenarios considered in the ICT-EU-FP7 funded 'C2POWER' project [15] . In the C2POWER project, in order to save power at the source node S, especially when the battery level is low as shown in Figure 1a , it tries to cooperate with the neighboring node(s) using opportunistic accessing method to communicate with the destination node. Here, we assume that S has got context aware capabilities (as addressed in the C2POWER project) which knows its surrounding by means of cognitive techniques [5] , such as spectrum sensing and network learning techniques, with perfect knowledge.
As mentioned, S is modeled as a secondary user when cooperating with the relay node R. The relay node, when it cooperates with the S, will also carry traffic from its own network nodes considered as primary users with a higher priority. Such a scenario is explained in Figure- 1b. The assumed model is equivalent to a typical cognitive radio network [5] with opportunistic relay access. The cloud in Figure-1 represents the network corresponding to the connection from the access point (AP) to the destination node D with a network transmission delay (representing the cloud) given by T N ∈ R. We assume that all the nodes in the network have sufficient memory to store and forward the data when the channel is available for transmission, hence there is no loss of data. Moreover, we are interested in studying the end-to-end delay performance and the probability of meeting a particular delay threshold to satisfy a given QoS requirement. With such an opportunistic cooperative access model we analyse the delay associated with the S → D communication.
Furthermore, since we assume an error-free channel (no retransmissions) and unidirectional transmission (no intra- flow contention), the end-to-end packet delay in our scenario consists of 1) the waiting time for the opportunistic relay link, that is the first-hop, and 2) the delay incurred for data transmission in the wired infrastructure. The traffic from the PUs are modeled as a Poisson-exponential process, which is a commonly used model in the literature [11] for studying the performance of SU functionalities with respect to the temporal behavior of the PU.
A. Primary User Relay-Network Traffic Model
The PU traffic is processed at the relay node with higher priority than the SU node traffic. The total traffic at the particular relay node offered by all the PUs in the surrounding is modeled as a Poisson arrival process [12] , [13] with an arrival rate of λ. By definition it is well known that the inter arrival times Δ k for the Poisson traffic is given by an exponential distribution [14] with a mean inter arrival time ofΔ = 1/λ. Furthermore, for the Poisson arrival model, we consider the following Axioms to simplify our analytical modeling in the following sections. Let K(t) ∈ N be the number of arrivals at some t ∈ R, then:
Axiom 1: At time t = 0 the PU has got no occupancy of the spectrum. That is, K(0) = 0.
Axiom 2: Incremental independency and stationarity of 4 ∈ R such that t 1 < t 2 < t 3 < t 4 , then J 1 and J 2 are independent. Further, if t 4 − t 3 = t 2 − t 1 , then J 1 and J 2 have the same statistical properties.
Furthermore, the channel occupancy τ n is modeled by an exponentially distributed random process with a mean occupancy time of E[τ ] =τ .
B. Secondary User Model
The SU, which is the source node, opportunistically accesses the relay node channel and utilizes it. Given the spectral occupancy characteristics of the PUs, the SU occupies the channel whenever the PUs are not transmitting as shown in Figure-2 . The SU becomes aware of the spectral hole as soon as the opportunity arises (assuming perfect spectrum sensing) and starts its transmission with a delay of β seconds. Each transmission slot (whenever the channel becomes available) further requires some overhead data of T H for management/control purposes. We also assume that the SU immediately stops the transmission as soon a transmission from a PU is detected with zero delay. Moreover, we consider that the SU has a delay-threshold T T h to send its data to the destined user through the cooperative (opportunistic access based) first-hop link and the wired network.
III. END-TO-END DELAY ANALYSIS
Having presented the network model in Section II, we now study the end-to-end delay associated with the source node transmission. Suppose the source node has to send some data of length T seconds (excluding the overhead data of length T H ), then the number of transmissions required to send the data over the opportunistic access relay link to the AP, considering Figure-2 , is given by
In other words the source (SU) requires at least K 0 number of slots to complete its transmission of length T . Since E[Δ k ] = Δ, a reasonable model for K 0 is given by
Furthermore, the number of PU transmissions to satisfy K 0 number of SU transmissions as in (1) is also K 0 . Hence, the equation describing the delay constraint of the SU end-to-end transmission is given by
where, T N is the network delay from the AP to the destination after the last transmission from the SU to the AP. In Sections IV to VI, we derive the probability of meeting the delay constraint as given in (3).
IV. END-TO-END DELAY WITH DETERMINISTIC PU-OCCUPANCY τ AND NETWORK DELAY T N
Let us first consider the deterministic model for τ and T N (i.e., constant variables rather than random variables). Then, equation (3) becomes
where, G is given by
which follows an Erlang distribution (i.e., sum of exponential independently and identically distributed random variables) [12] , [13] , given by the density,
Then for deterministic τ and T N , the probability of successful transmission (of the fixed length data) from the SU to the destination given the time constraint T T h is given by
Using (6), a closed form expression for (7) can be obtained as,
where, Γ(a, b) is the normalized lower incomplete Gamma function, Γ(a, b) = 1 Γ(a) b 0 t a−1 exp(−t)dt with Γ(a) being the standard Gamma function. Equation (8) is the probability of success for end-to-end transmission with delay constraints for deterministic τ and T N . In the next section, we derive a similar expression for random τ .
V. END-TO-END DELAY WITH RANDOM PU-OCCUPANCY τ AND DETERMINISTIC NETWORK DELAY T N
The random occupancy time of the PUs in the opportunistic cooperative link is modeled by an exponential distribution given by f τ (τ ) = (1/τ ) exp(−τ /τ ) for 0 ≤ τ < ∞. Then the success probability for the random τ is calculated by integrating (8) over all possible values of τ and is given by
The integral in (9) can be solved using the following identity (obtained using integration by parts)
Hence, the probability of successful transmission with delay constraint for the random τ is given by
Note that in (11) the second part becomes zero for λ < 1/τ .
VI. END-TO-END DELAY WITH RANDOM PU-OCCUPANCY τ AND RANDOM NETWORK DELAY T N
The probability of successful end-to-end transmission with delay constraint considering random network delay T N can also be computed following a similar approach as in the previous section. The success probability is then given by
where f TN (T N ) is the density function corresponding to the network delay. Typically heavy tailed distributions are considered to model T N considering the large variation in the delay associated with transport networks. Some common models used for such delays are the exponential and Gamma distribution models. Obtaining a closed form expression for P s is not trivial due to the complexity in solving (12) .
VII. MEAN DELAY AND DELAY JITTER
The mean-delay and the delay-jitter for end-to-end transmission by the SU node for the model discussed in the previous sections is presented here. The total end-to-end delay for the source node transmission is given by
Then the mean delay for end-to-end transmission can be obtained by taking the expected value of (13), given by
where,T N is the expected value of T N . The end-to-end variance, T e2e , can be computed using (13) and is given by
Since, τ n , Δ k and T N are all modeled as i.i.d random variables, as well as independent to each other, the delay jitter equation (15) can be reduced to 
VIII. NUMERICAL RESULTS
In this section we present simulation and numerical results for the end-to-end delay analysis for the opportunistic relay access based cooperative communication. The simulations were performed based on Monte-Carlo techniques. Figure-3 shows the simulation and theoretical results for the success probability P r[Delay < T T h ] for various values of T T h with respect to the arrival rate λ for the deterministic τ . From the figure we observe that the simulation results very much match with theoretical results, which verifies our analysis presented in the preceding sections. Furthermore we also observe that, as expected, the probability of success decreases with decreasing values of T T h whilst the network and SU-transmission conditions remain the same. This is because when the PU arrival rate increases the availability of the relay channel for the SU decreases, and therefore the SU finds it harder to meet the delay threshold. Figure- τ case), and again we see that the simulation results match well with the theoretical results. As expected, the success probability degrades with increasing values of τ as seen from the figure for the same reason explained above. Figure-5 and Figure-6 depict the success probability for the random τ case in which we also present the curves for the deterministic τ for comparison purpose. As we see from the figures the random τ case improves the success probability compared to the deterministic case, and only shows minor improvements when the threshold is increased (Figure-5 ) and when E[τ n ] =τ is changed (Figure-6 ). The reason for this is basically when the spectral occupancy time τ n is modeled as an exponentially distributed random process the instantaneous values of τ n have greater probability to be less than the mean valueτ . Therefore, the random τ case shows better performance than the deterministic τ especially at higher values ofτ .
Finally, we plot the end-to-end mean delay and the jitter performance in Figure-7 and Figure-8 , respectively. As expected the mean delay increases with increasing values of λ andτ ( Figure-7 ) because at higher PU arrival rates the the SU will take longer time to complete its transmission. On the other hand the jitter reduces with increasing λ (Figure-8 ) and then starts to increase beyond a certain value of λ. This is due to the fact that when λ increasesΔ 2 reduces initially, and when λ further increases K 0 increases significantly hence increasing the total delay jitter.
IX. CONCLUSIONS
A delay performance study for opportunistic relay access in cooperative communication systems was presented. The total communication delay for the source node considering a given delay constraint with deterministic and random channel occupancy models for the relay link was studied. Simulation and theoretical results show that the probability of meeting the delay threshold highly depends on the occupancy of the relay link by the incumbent users of the relay network. Closed form expressions were derived using the analytical model presented in the paper for the probability of success in meeting a given delay threshold. The analysis and results show that end-to-end delay constraint significantly affects opportunistic relay access network performance, and hence appropriate care should be taken while designing protocols for such cooperative communication networks considering the transmission delay.
